Many authors have assumed that motor actions required for collision avoidance and for collision achievement (for example, in driving a car or hitting a ball) are guided by monitoring the time to collision (TTC), and that this is done on the basis of moment-tomoment values of the optical variable τ [1-3]. This assumption has also motivated the search for single neurons that fire when τ is a certain value [4] [5] [6] [7] [8] . Almost all of the laboratory studies and all the animal experiments were restricted to the case of stationary observer and moving object. On the face of it, this would seem reasonable. Even though humans and other animals routinely perform visually guided actions that require the TTC of an approaching object to be estimated while the observer is moving, τ provides an accurate estimate of TTC regardless of whether the approach is produced by self-motion, object-motion or a combination of both. One might therefore expect that judgements of TTC would be independent of selfmotion. We report here, however, that simulated selfmotion using a peripheral flow field substantially altered estimates of TTC for an approaching object, even though the peripheral flow field did not affect the value of τ for the approaching object. This finding points to long range interactions between collisionsensitive visual neurons and neural mechanisms for processing self-motion. Results and discussion Figure 1 shows the experimental set-up used. The observer saw a sphere that appeared to be moving towards them. Forward self-motion was simulated by squares moving away from the centre of the visual display and increasing in size and backward self-motion by squares moving towards the centre and contracting. Figure 2a -c shows the mean percentage error in estimating TTC (that is the percentage difference between the estimated and calculated TTC) for three observers. It is clear from Figure 2 that the pattern of simulated self-motion had a large effect on estimates of TTC. Consistent with previous findings with a background of static texture elements, all three observers made small (3-14%) underestimates of TTC in simulated static conditions. When forward self-motion was simulated, all three observers made larger (by 11%, 13% and 9%) underestimates of TTC than in the static condition. Conversely, when backward self-motion was simulated, all three observers overestimated TTC. The differences in TTC estimates between backward and static flow were 17%, 23% and 19% for the three observers. Table 1 shows the mean absolute estimation errors for the three conditions. A repeated measures analysis of variance (ANOVA) revealed a significant main effect of flow type (F(2,4) = 149, p < 0.001).
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When the size of the moving squares in the flow pattern was held constant, the effect of the flow pattern on TTC estimates was dramatically reduced. Estimation errors for this condition are shown in Figure 2d -f. In this condition, the forward-static difference was only 3%, 6% and 5% for the three observers and the backward-static difference was only 7%, 9% and 2% for observers 1-3, respectively.
In Figure 2a -c, the flow pattern was visible only during a presentation. But TTC judgements were not significantly different when the observer adapted to the flow pattern for 10 minutes prior to beginning the run and the pattern remained on throughout the run. For observer 1, % errors in this condition were -16%, -6% and 12% for the forward, static and backward flow conditions, respectively. This finding suggests that the effect was not chiefly caused by adaptation to the flow pattern.
To examine the lateral spread of the flow effect, we next varied the size of the square hole at the focus of the flow pattern (see Figure 1c) . We used four hole sizes (9.7°, 13.6°, 18.5°and 21.4°). Figure 3 shows TTC estimation errors for these four hole sizes expressed as the gap between the outer edge of the object and the inner edge of the flow pattern (3.2°, 5.1°, 7.5°and 9°, respectively). It is clear that the effect of simulated self-motion on perceived TTC decreased at an accelerating rate as the separation between the flow pattern and the simulated approaching sphere was increased. A two-factor repeatedmeasures ANOVA revealed a significant effect of flow condition (F(1,2) = 452.2, p < 0.01) and a significant interaction between flow condition and gap size (F(3,6) = 25.2, p < 0.01). At a gap size of 9°, TTC estimates for the forward and backward flow conditions were not significantly different (observer 1: t(26) = 0.7, p > 0.5; observer 2: t(26) = 0.4, p > 0.5; observer 3: t(26) = 0.6, p > 0.5).
Psychophysical evidence has been reported for the following model of visual sensitivity to changing size and TTC [3, [9] [10] [11] [12] . At the first stage of processing, the opposite edges of an approaching object's retinal image stimulate detectors with small receptive fields that are sensitive to unidirectional motion (for example, elaborated Reichardt detectors) [13] . At the second stage of processing, the outputs of pairs of these local-motion detectors are subtracted to create a changing-size mechanism that is sensitive to expansion along one direction, and has a small receptive field (1.5°-2.0°). And at the third stage of processing, a motion-in-depth signal is generated whose magnitude is inversely proportional to TTC, provided that the retinal image expansion is isotropic (that is, without change of shape). The local changing-size detector is excited when its small receptive field is precisely at the centre of radially expanding flow pattern, but is not excited when the centre of the flow pattern is covered by an occluder that creates a 0.5°gap between the outer edge of its receptive field and the inner edge of the flow pattern [14, 15] . Thus, this local changing-size mechanism would not have been directly stimulated when we introduced a 5°gap between the outer edge of the simulated approaching object and the inner edge of the flow pattern. Yet, as reported above, the effect of the flow pattern on estimates of TTC were unaffected by the 5°gap. We conclude that the effects reported here could not have been caused by a direct effect of the flow pattern upon the local secondstage changing-size mechanism. Rather, we propose that the long-range lateral interaction that produced the effects reported here occurred at a processing stage subsequent to the changing-size mechanism. In particular, the motionin-depth signal that supported estimates of TTC was a weighted sum of the motion-in-depth signal generated by stimulating the local changing-size detector and the motion-in-depth signal generated by the flow pattern.
Our finding that the effect of the flow pattern was almost abolished when the size of texture elements was held constant brings into question the relevance to everyday life of the considerable literature on optic flow in which texture element size was held constant. Stepwise multiple regression analysis revealed that the task-relevant variable, θ/(dθ/dt), accounted for a high proportion of total variance for all three flow conditions. For the three observers, the task-relevant variable accounted for 74-90% of the variance in the forward condition, 81-93% in the static condition and 79-86% in the backward condition. Task-irrelevant variables (θ 0 , dθ/dt, and ∆θ) accounted for only a small amount of additional variance (ranging from 3% to 8%). The radially expanding or contracting flow field consisted of a randomly scattered pattern of squares whose size and instantaneous speed increased radially to simulate self-motion. (a) The squares were displayed on a large (80 cm horizontal × 56 cm) electrostatically driven display (monitor 1, Hewlett-Packard model 1321A) that was viewed through the optics of an F-18 flight simulator. A large glass sheet (LG) reflected the display onto a large (75 cm horizontal × 90 cm) high-quality parabolic mirror (PM) so that the display seemed to be at a great distance, though it subtended 39°horizontal × 27°. (b) An approaching spherical object of luminance 16 cd/m 2 was simulated on a second monitor (monitor 2, Tektronix model 608 with green P31 phosphor) that ran at 50 frames/sec. A thin sheet of glass (SG) reflected this second display into the parabolic mirror so that it also seemed to be at a great distance. Note that, for clarity, the glass sheet LG is omitted from (b). There is a possible ecological role for the interactions we report here. When a stationary observer attempts to catch an approaching object, there is a clear advantage that a τ-based estimate of TTC should be an underestimation: the unavoidable variability in the estimate will never create the situation in which there is no time left to acquire the stereo information about TTC that is required to correctly time the finger flexions that take place during the final tens of milliseconds of a successful catch. It has been shown that this stereo information is acquired only when the approaching object is within a few metres of the catcher [16] . When the whole body is moving forward (for example, a monkey swinging from branch to branch) the mass that must be controlled when using close-range stereo information to make fine corrective adjustments is very much greater than when remaining stationary. A simple solution would be a lateral neural interaction that allows the expanding flow field produced by self-motion to increase the underestimation of TTC based on monocular information only (i.e. τ) to be even greater than when stationary. Some neurons in the pigeon's brain are sensitive to the ratio θ/(dθ/dt) (where θ is the angle subtended by the approaching object and t is time), that is, τ, while others are sensitive to the rate of expansion dθ/dt [4] . By itself, this finding leaves the relation between the activities of such τ-sensitive neurons and the animal's behaviour a matter of conjecture. However, if behavioral studies showed that the human findings reported here extrapolate to pigeons, a stronger link between physiology and behaviour would be established if it were found that τ-sensitive neurons were affected by flow fields whereas neurons sensitive to rate of expansion were not. Electrophysiological studies suggest that birds have separate mechanisms for processing object motion and self-motion (the tectofugal pathway and the accessory optic system, respectively) [8] . Our findings raise the possibility that there may be long-range connections between these ecologically distinct systems.
Materials and methods
By using the optics of a flight simulator we were able to create a flow pattern that subtended 39°horizontally × 27°while appearing to be located at a great distance (Figure 1a,b) . For forward flow, texture elements flowed radially outward from the focus, simulating forward selfmotion; for backward flow, texture elements flowed radially inward toward the focus. For the expanding flow pattern, the texture elements increased speed and grew larger as they moved radially outwards. The contracting (backward) flow pattern was the reverse. Results obtained with these two flow patterns were compared with those obtained using a static condition, in which the squares remained stationary.
We used the optical arrangement shown in Figure 1a ,b to simulate a sphere moving at a constant speed along a straight line towards a point between the eyes. A sensation of approaching motion in depth was created by changing the size of the simulated object appropriately [11] . The simulated approaching sphere was presented at the centre of the radial flow pattern. Figure 1c gives a rough impression of what the observer saw. No texture elements were presented in a central square area with a side length of 9°.
Procedure
Our method has been described previously [17] . In brief, each trial consisted of one presentation of the simulated approaching sphere with a mean duration of 700 msec. The flow pattern was only visible during this presentation interval. At the designated time of collision, some time after the sphere and flow pattern had been switched off, a brief auditory click was generated. The observer's task was to indicate whether the auditory click occurred before or after the simulated approaching sphere would have arrived at their eyes [17] . The initial TTC of the simulated approaching object (θ/(dθ/dt) was varied from trial to trial according to a transformed staircase method [18] . The staircase converged onto a TTC that gave a 50% probability that the observer would judge that the simulated approaching object would arrive before the auditory click. Nine staircases corresponding to all possible combinations of three values of designated TTC (1.8 sec, 2.3 sec and 2.8 sec) and three values of initial angle that the sphere subtends (1.1°, 1.7°B rief Communication 589 Table 1 Mean absolute errors in TTC estimation.
Observer
Flow condition Mean absolute error (msec) and 2.3°) were randomly interleaved. The use of multiple staircases had the following two consequences: it was not possible for observers to anticipate trial-to-trial variations in TTC, and after collecting the response data we could perform a stepwise regression analysis to determine which optical variables were used in making estimates of TTC. This method also has the advantages that it removes any effect of motor delay on the TTC estimate as well as any cognitive strategy for controlling collisions [19] .
